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Abstract: Graphene sheet (GS) was successfully covered with a polypyrrole (PPy) thin layer through in situ chemical oxidative 
polymerization of pyrrole monomers in aqueous solution by using GS as a support material and ferric trichloride as an oxidant. The 
resulting nanocomposite was studied by field emission scanning electron microscopy (FE-SEM), Fourier transform infrared 
spectroscopy (FT-IR) and electrical measurements, including cyclic voltammetry (CV), galvanostatic charge/discharge experiment 
(GCD), and impedance spectroscopy (EIS). It has been found that the nanocomposite exhibited a typically curved and layer−like 
structure, and conformational change of PPy chains occurred due to the π−π stacking interaction between the graphitic structures in 
GS and aromatic rings of the PPy chains. More attention was paid to the effect of electrolytes on electrochemical properties of the 
nanocomposites, as expected, electrochemical performance was dependent on the nature of the electrolyte, and the neutral 
electrolytes containing alkali metal ions were found to be very suitable for GS/PPy nanocomposite. Compared with the pure PPy, the 
nanocomposite possessed larger specific capacitance and lower internal impedance, indicating that the nanocomposite can be a 
promising candidate as electrode material for supercapacitors. 
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1 Introduction 
 
As the fast charging energy-storage devices of 
intermediate specific energy, supercapacitors are used 
to bridge the gap between batteries and conventional 
capacitors, also have exhibited a potential market in 
energy storage, especially in hybrid electric vehicles and 
pure electric vehicles and so on [1−3]. A great deal of 
recent research effort has been placed on improving the 
energy-storage capacity of supercapacitors while 
maintaining a high power density. It has been 
demonstrated that the energy density of supercapacitors 
can be enhanced by either increasing the device 
capacitance with novel electrode materials, or 
broadening working potential windows, which can be 
efficiently achieved by choosing suitable electrolytes 
[4−6]. On the basis of charge storage mechanisms, 
electrochemical capacitors are classified as 
electrochemical double layer capacitors (ion adsorptions) 
and peudocapacitors (fast surface redox reactions). 
Generally, the most widely used active electrode 
materials of supercapacitors are carbon for 
electrochemical double-layer capacitor, and metal oxide 
and conducting polymer for pseudocapacitors [1, 2, 4, 7]. 
As electrode materials for pseudocapacitors, polypyrrole 
(PPy) are generally attractive due to its easy 
manufacturing, good chemical and thermal stability, high 
specific capacitance and high electrical conductivity. 
However, major drawbacks with Ppy (and conducting 
polymers in general) including relatively low cycle 
stability, high self-discharge rates and limited shelf-life 
must be resolved [8]. 
To enhance the capacitive properties of Ppy 
electrodes, positive attempts by introducing some 
effective materials such as ٛ rapheme sheet (GS) have 
been made, in which GS was used as a support material 
due to its high conductivity, high surface area, and good 
mechanical property [9−15]. For example, BISWAS and 
DRZAL [9] combined the fibrous network of Ppy 
nanowires with highly electrically conductive GSs to 
obtain a high specific capacitance with a nearly ideal 
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rectangular cyclic voltammogram and high 
electrochemical cyclic stability [9]. MINI et al [10] 
prepared high performance supercapacitor electrodes 
through electropolymerization of PPy layer on 
electrophoretic deposited GS. DAVIES et al [11] 
fabricated flexible, uniform GS/PPy nanocomposite 
films through a pulsed electropolymerization technique 
for supercapacitor electrodes. More commonly, in situ 
oxidative polymerization method has been applied to 
preparing GS/PPy nanocomposites [12−14]. Up to now, 
many works have been focused on the GS/conducting 
polymer nanocomposites for supercapacitor applications. 
However, it should be noted that there were almost no 
reports about the effect of the nature of the electrolyte on 
capacitive properties of GS/PPy nanocomposites. As we 
know, the matching ability of aqueous electrolytes and 
electrode materials is very important for supercapacitor. 
This work aims at obtaining an understanding of the role 
of the electrolytes containing alkaline (Li+, Na+, or K+) or 
alkaline earth (Mg2+) metal ions, and charge storage 
mechanism for GS/PPy composite electrodes in a 
suitable mild electrolyte was investigated.  
 
2 Experimental 
 
2.1 Materials 
Pyrrole monomers having a molar mass of 67 g/mol 
and a density of 0.97 g/cm3 were purchased from Aldrich 
(Milwaukee, WI, USA), and stored at refrigerated 
temperature before use. Natural flake graphites were 
purchased from Qingdao BCSM Co. Ltd. All other 
chemical agents were obtained from Guoyao Group 
Chemical Reagent Co., Ltd., and used as received 
without further treatment. 
 
2.2 Preparation of GS 
Graphene oxides (GOs) were prepared according to 
the modified Hummers method [16]. In the typical 
procedure, 1.0 g graphite was immersed into 23 mL 
H2SO4 (98%) and then potassium permanganate (5.0 g) 
was very slowly added to the above mixture under 
vigorous stirring in an ice bath for 0.5 h. Followingly, the 
reaction mixture was heated to 35 °C for 1 h with 
vigorous stirring, and 60 mL H2O2 (30%) was added. It 
can be seen that the colour for the reaction mixture 
turned immediately from green black to yellowish brown. 
After ultrasound treatment for 30 min, the product was 
washed several times with distilled water, and finally 
dried. 
GSs were prepared by the reduction of GO. 0.1 g 
GO was first dispersed into 80 mL of deionized water, 
and then 1 mL of hydrazine monohydrate was added. 
After being heated at 95 °C for 1 h, the product was 
washed with deionized water several times to remove 
excess hydrazine, and finally dried. 
 
2.3 Preparation of GS/PPy nanocomposites 
The GS/PPy nanocomposites were prepared through 
in situ chemical oxidation polymerization of pyrrole 
monomers in the presence of GS. 0.1 g GS was first 
dispersed into 50 mL 1 mol/L HCl aqueous solution, and 
then 1 mL pyrrole monomers were added. The mixtures 
were sequentially stirred in an ice bath under high power 
ultrasonic irradiation for 0.5 h, and an aqueous solution 
containing the oxidant FeCl3 was added dropwise within 
0.5 h. The mass ratio of FeCl3 to pyrrole monomer was 
1:1. The polymerization was carried out at 0 °C for 1.5 h. 
The product was filtered and washed with deionized 
water, and then dried under vacuum at 80 °C for 24 h. 
For comparison, the pure PPy powder was prepared 
under conditions similar to those mentioned above. 
 
2.4 Characterization 
The surface morphologies were observed on a 
HITACHI S−4800 field emission scanning electron 
microscope (FE-SEM). The microstructures were 
characterized on a Nicolet 8700 Fourier transform 
infrared spectrometer (FT-IR) at room temperature over 
a frequency range of 2000−400 cm−1. 
Electrodes for supercapacitor were prepared by 
pressing the sample into the nickel mash current 
collector under 5 MPa at 70 °C. Electrochemical 
experiments such as cyclic voltammetry (CV), 
galvanostatic charge-discharge experiment, and 
electrochemical impedance spectroscopy (EIS) were 
carried out on a CHI 660D electrochemical working 
station (CH Instrument, Inc.) by using three-electrode 
system where platinum and Ag/AgCl were used as 
counter and reference electrodes, respectively. All 
electrochemical experiments were carried out at room 
temperature. 
The electrochemical properties of the resulting 
nanocomposites are evaluated by CV, and the specific 
capacitance can be evaluated from the CV curves 
according to the equation: 
Em
QC
Δ
=                                    (1) 
where Q is the charge (in C), ΔE the potential window 
(in V), and m the mass of the nanocomposites (in g). 
The galvanostatic charge/discharge experiments 
(GCD) were measured by charging the capacitors to 0.6 
V, followed by discharging them to −0.2 V at constant 
currents density of 1 A/g. Also the specific capacitance 
can be evaluated from the GCD curves according to the 
equation: 
Vm
It
m
CCm Δ
==                              (2) 
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where Cm is the specific capacitance (in F/g), I the 
charge/discharge current (in A), ΔV=0.8 V, and m the 
mass of active material within the electrode. 
The electrochemical impedance spectra (EIS) were 
recorded at 0.5 V versus SCE by sweeping frequencies 
from 0.005 Hz to 10 kHz. 
 
3 Results and discussion 
 
3.1 Morphology observation 
Figure 1 gives surface morphologies of pure PPy 
and GS/PPy nanocomposite. The surface morphology of 
pure PPy powder is relatively nonuniform and its particle 
size is also relatively large (200−300 nm) as shown in 
Fig. 1(a). For the GS/PPy nanocomposite, no obvious 
granular morphology can be found, and a typically 
curved and layer-like structure appearing in Fig. 1(b), 
implying the nanocoating of the PPy film on the surface 
of GS. It has been demonstrated that nanostructured 
materials offer attractive alternatives for supercapacitors 
due to their high surface area and novel size effect. Thus 
great improvements in electrical and electrochemical 
properties of the resulting nanocomposite can be 
expected. 
 
 
Fig. 1 FE-SEM images of pure PPy (a) and GS/PPy 
nanocomposite (b) 
 
Figure 2 gives the formation process of thin PPy 
layers on the surface of GS. In the typical polymerization 
procedure, pyrrole monomers were first adsorbed onto 
the surface of GS through π−π stacking interaction, 
hydrogen bonding interaction, and van der Waals force 
shown in Fig. 2. When FeCl3 as an oxidant agent was 
added stepwise, in situ chemical oxidation 
polymerization of the pyrrole monomers occurred on the 
surface of GS. Owing to the strong π−π stacking 
interaction between one-atom-thick planar sheets of 
sp2−bonded carbon atoms (graphitic structure) of GS and 
aromatic rings of PPy chains, PPy thin layers were 
coated uniformly on the surface of GS. 
 
 
Fig. 2 Formation process of PPy thin layers on surface of GS 
through in situ chemical oxidation polymerization 
 
3.2 Chemical structure 
Figure 3 shows FT-IR spectra for pure PPy and 
GS/PPy nanocomposite. The characteristic peaks of PPy 
located at 1554 and 1465 cm−1 were assigned to the 
antisymmetric and symmetric ring-stretching modes, 
respectively, strong peaks at 1192 and 921 cm−1 to the 
doping state of PPy, and the peaks at 1045 and 1314 
cm−1 to C— H deformation vibrations and C— N 
stretching vibrations, respectively. As shown in Fig. 3, 
all the characteristic peaks of PPy can be found for 
GS/PPy nanocomposite. However, compared with those 
for pure PPy, it is clearly observed that most of the peaks 
for the nanocomposites shifted to lower wavenumbers, 
implying even orientation or conformation changes of 
PPy chains due to the presence of GS during the in situ 
polymerization reaction. 
It is well known that the I1550/I1460 value is inversely 
proportional to the extent of delocalization of unpaired 
electrons along PPy chain, that is to say, high values of 
I1550/I1460 can be seen in polymers with short conjugation 
lengths, whereas low values of I1550/I1460 with long 
conjugation lengths [17]. It is found that compared with 
that for pure PPy, longer conjugation length can be 
obtained in the GS/PPy nanocomposite. This indicates 
that strong interaction strongly facilitates the 
charge-transfer reaction between the two components, 
further induces the formation of a more planar 
conformation of PPy on the surface of GS. As a result, 
we believe that a nanoscale thick PPy layer uniformly 
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Fig. 3 FT-IR spectra for pure PPy and GS/PPy nanocomposite 
 
and conformally coated on a GS substrate is a great 
benefit to the anion/cation diffusion and 
adsorption/desorption during the charge/discharge 
process. 
 
3.3 Electrochemical behaviour 
3.3.1 Effect of pH value 
Figure 4 shows cyclic voltammograms measured at 
the scan rate of 10 mV/s in 0.5 mol/L H2SO4, Na2SO4 
and NaOH aqueous solution used as the supporting 
electrolytes, respectively. It can be found that the CV 
curve of GS/PPy nanocomposite exhibited a 
rectangular-shaped profile in 0.5 mol/L Na2SO4, but 
heavily distorting shapes for 0.5 mol/L H2SO4 and 0.5 
mol/L NaOH electrolytes. The specific capacitance 
observed is about 646.5 F/g in acidic solution, 285.3 F/g 
in basic solutions and 153.2 F/g in neutral solution, 
respectively. However, the shape of the CV curve  
 
 
Fig. 4 Cyclic voltammograms of GS/PPy nanocomposite at 10 
mV/s in 0.5 mol/L H2SO4, Na2SO4 and NaOH electrolytes, 
respectively 
obtained in neutral solution showed the rectangular and 
symmetric current-potential characteristics, meaning the 
ideal capacitive behavior. In addition, mainly due to their 
corrosive character towards the different metallic 
components of a supercapacitor, e.g., current collectors, 
connexions, the practical application of acidic and 
alkalin medium as electrolytes must overcome many 
technical drawbacks [5]. Thus further insights into the 
capacitive properties of GS/PPy nanocomposite would 
be only carried out in neutral electrolytes. 
3.3.2 Effect of cation 
Figure 5 shows cyclic voltammograms and 
galvanostatic charge/discharge curves by using various 
electrolytes including 0.5 mol/L aqueous solution of 
Na2SO4, Li2SO4, K2SO4 and MgSO4. As shown in    
Fig. 5(a), The CV curves at 10 mV/s display ideal 
capacitive behaviors with symmetrical rectangular 
shapes for all the electrolytes, and the specific 
capacitance are 153.2, 185.5, 148.2 and 136.3 F/g for 
Na2SO4, Li2SO4, K2SO4 and MgSO4, respectively. The 
process of oxidation and reduction during cycling 
depends on the species of cations such as charge, charge 
density and size. In monovalent cation electrolytes, 
specific capacitance value is in the order of 
Li2SO4>Na2SO4>K2SO4, as reflected in the 
corresponding cationic radii, which are 0.69, 1.02 and 
1.38 Å corresponding to Li+, Na+ and K+, respectively 
[18]. Moreover, specific capacitance obtained in bivalent 
cation Mg2+ electrolyte has a lower value than that in 
monovalent cation electrolytes. These results are agreed 
with the tendency in GCD curves shown in Fig. 5(b). 
Specific capacitances calculated from GCD curves are 
about 111.0, 94.9 and 81.8 F/g for Li+, Na+ and K+, 
respectively. The best electrochemical properties can be 
obtained in Li2SO4 electrolyte,  but  this  kind of 
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Fig. 5 Cyclic voltammograms at 10 mV/s (a) and galvanostatic 
charge/discharge curves at 1 A/g (b) of GS/PPy nanocomposite 
measured in 0.5 mol/L neutral electrolytes with different 
cations 
 
electrolytes is expensive to manufacture, thus relatively 
cheap sodium salts was adopted to prepare the electrolyte 
for further study. 
3.3.3 Effect of anion 
Figure 6 shows cyclic voltammograms and 
galvanostatic charge/discharge curves by using various 
electrolytes including 0.5 mol/L aqueous solution of 
Na2SO4, NaNO3 and NaCl. As shown in Fig. 6, different 
working potential windows can be observed in different 
electrolytes. The highest specific capacitance can be 
obtained in SO42− aqueous solution, whereas a distorted 
shape and low specific capacitance in NO3− (87.1 F/g). 
As for sodium chloride solution, the electrochemical 
instability was observed. The specific capacitances 
calculated from charge and discharge slopes shown in 
Fig. 6(b) is about 94.9 F/g in SO42− electrolyte and 75.0 
F/g in NO3− electrolyte, respectively. The results indicate 
that sodium sulfate is a suitable candidate for preparing 
neutral aqueous electrolyte for GS/PPy nanocomposite. 
However, the detailed underlying mechanism remains 
largely unclear, and is worth understanding in detail. 
 
3.4 Capacitive properties 
Figure 7 gives cyclic voltammograms and special 
 
 
Fig. 6 Cyclic voltammograms at 10 mV/s (a) and galvanostatic 
charge/discharge curves at 1 A/g (b) of GS/PPy nanocomposite 
measured in 0.5 mol/L neutral electrolytes with different anions 
 
capacitance of GS/PPy nanocomposite in 0.1 mol/L 
Na2SO4 solution at various scan rates. As shown in   
Fig. 7(a), it is seen that there are no clear redox peaks in 
the potential range between −1.2 and 0.8 V (vs. SCE). 
With increasing the scan rate, the redox current clearly 
increases, which exhibits a good rate capability. 
Meanwhile, the rectangular shape can remain with the 
increasing of the scan rate, and slightly distortion of 
current response caused by the resistance of the solution 
and the electrode, indicative of highly capacitive nature 
with good ion response. The results suggest that the 
electrode is charged and discharged at a pseudo-constant 
rate over the complete voltammetric cycle. Moreover, 
specific capacitances for the GS/PPy nanocomposite at a 
scan rate of 1 mV/s is about 231.0 F/g, which is much 
larger than 154.1 F/g for pure PPy. With increase of the 
scan rate, the specific capacitance of GS/PPy 
nanocomposites and pure PPy are significantly reduced, 
as shown in Fig. 7(b). The enhancement in capacitive 
property of PPy can be attributed to the formation of 
uniform thin layers of PPy on the surface of GS, which 
increases greatly the contact of the electrode and the 
electrolyte. More importantly, strong interaction between 
the aromatic rings of the PPy and graphitic structures of 
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GS would greatly facilitate the charge-transfer reaction 
between the two components. 
To further investigate the influence of GS as 
conducting support on electronic transport of the 
nanocomposites, electrochemical impedance spectra (EIS) 
were recorded out in 0.1 mol/L Na2SO4 aqueous solution 
at 0.5 V. As shown in Fig. 8, the bulk solution resistance 
RS and the contact interface resistance RC can be 
obtained from the Nyquist plot, where the high frequency 
semicircle intercepts the real axis at RS and (RS+RC) 
respectively. For GS/PPy nanocomposite, a single 
semicircle in the high-frequency region and a straight 
line in the low-frequency region with small intercept can 
be found. Compared with pure PPy, RS for the 
nanocomposite remained is close to 40 Ω, but RC 
decreases abruptly from 42.0 to 3.8 Ω. The EIS results 
suggest that combining GS with thin PPy layers is 
helpful for reducing the internal resistance and increasing 
the electrons transfer and electrolyte ions transport rate 
in the diffusion layer, which results in an obvious 
enhancement in specific capacitance. In addition, poor 
cycle-life for PPy can also be improved by using GS 
with excellent mechanical property as a support  
material. 
 
4 Conclusions 
 
The GS/PPy nanocomposites were prepared through 
in situ chemical oxidative polymerization of pyrrole 
monomers in the presence of GS as a support material. It 
is demonstrated that nanoscale thick PPy layers were 
formed on the surface of GS. The specific capacitance at 
a scan rate of 1 mV/s increases from 154.1 F/g for pure 
PPy to 231.0 F/g for the nanocomposite. Such 
enhancement can be attributed to the existence of strong 
π−π stacking interaction in the nanocomposite, which 
greatly facilitates the charge-transfer reaction between 
the two components, and thin PPy layers with nanoscale 
thickness, which increases greatly the contact of the 
electrode and the electrolyte. Furthermore, the effect of 
the electrolytes on electrochemical properties for GS/PPy 
as the electrode for supercapacitor has been investigated 
 
 
Fig. 7 Cyclic voltammograms (a) of GS/PPy nanocomposite and specific capacitance (b) as a function of scan rate for pure PPy and 
GS/PPy nanocomposite 
 
 
Fig. 8 Impedance spectra of pure PPy and GS/PPy nanocomposite 
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by cyclic voltammetry, galvanostatic charge/discharge 
experiment and electrochemical impedance spectroscopy. 
A simple and cost-effective preparation technique of 
GS/PPy nanocomposites with good capacitive behavior 
encourages their possible use in commercial applications. 
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